IFNL4 is linked to hepatitis C virus treatment response and type III interferons (IFNs). We studied the functional associations among hepatic expressions of IFNs and IFN-stimulated genes (ISGs), and treatment response to peginterferon and ribavirin. Type I IFNs (IFNA1, IFNB1), type II (IFNG), type III (IFNL1, IFNL2/3), IFNL4 and ISG hepatic expressions were measured by qPCR from in 65 chronic hepatitis C (CHC) patients whose IFNL4-associated rs368234815 and IFNL3-associated rs12989760 genotype were determined. There was a robust correlation of hepatic expression within type I and type III IFNs and between type III IFNs and IFNL4 but no correlation between other IFN types. Expression of ISGs correlated with type III IFNs and IFNL4 but not with type I IFNs. Levels of ISGs and IFNL2/3 mRNAs were lower in IFNL3 rs12979860 CC patients compared with non-CC patients, and in treatment responders, compared with nonresponders. IFNL4-ΔG genotype was associated with high ISG levels and nonresponse. Hepatic levels of ISGs in CHC are associated with IFNL2/3 and IFNL4 expression, suggesting that IFNLs, not other types of IFNs, drive ISG expression. Hepatic IFNL2/3 expression is functionally linked to IFNL4 and IFNL3 polymorphisms, potentially explaining the tight association among ISG expression and treatment response.
INTRODUCTION
Chronic hepatitis C (CHC) is the a major cause of cirrhosis, hepatocellular carcinoma and end-stage liver disease in the United States. 1 Previous treatment of hepatitis C virus (HCV) genotype 1 infection includes combination of peginterferon (Peg-IFN) and ribavirin, which achieves a sustained virologic response of less than 55%. 2 The development of direct-acting antivirals (DAAs) for the treatment of HCV infection has promised highly effective treatment with shorter duration. 3 Newer DAAs have either been approved or are in the pipeline with interferon (IFN)-free regimens. 4 Recently, endogenous IFN response was found to play a role in DAA (sofosbuvir)-mediated viral clearance, potentially explaining relapse in DAA IFN-free regimens. 5, 6 There is increasing evidence that type III IFNs play a major role in hepatic antiviral response. 7 IFN-stimulated genes (ISGs) were previously found to predict IFNbased treatment response. 8, 9 High levels of hepatic expression of ISGs prior to treatment are associated with treatment unresponsiveness, whereas low levels are associated with a favorable treatment response. 8, 9 ISG mRNA levels were recently shown to decrease in the liver during sofosbuvir treatment, suggesting their ongoing role in DAA-mediated HCV viral clearance. 5 A highly significant association of IFN-based treatment response has been established with rs12979860, a single nucleotide polymorphism (SNP) near the IFNL3 (previously known as IL28B) gene on chromosome 2, encoding IFN-λ3/ interleukin-28B, a type III IFN. [10] [11] [12] This and other SNPs in the region were subsequently shown to be associated with natural clearance of HCV. 13, 14 However, the aforementioned SNPs are not in a coding region and therefore, the mechanism underlying their association with treatment response is unclear. A more recently discovered dinucleotide polymorphism rs368234815 (combining the SNPs rs11322783 and rs74597329) (TT or ΔG) was found to be in high linkage disequilibrium with rs12979860. 15 One of the rs368234815 alleles (ΔG) results in a frame-shift variation leading to transcription and translation of a novel gene product, named IFN-λ4 (IFNL4), which shares 41% amino acids sequence similarity with IFNL3, and is capable of inducing the expression of ISGs. 15 The IFNL4 ΔG genotype correlates with slow viral decline and low sustained virologic response in patients treated with Peg-IFN and ribavirin better than rs12979860. 15, 16 However, the functional linkage of the IFNL3 variations and IFNL4 to treatment response is not completely understood. More recently, another study identified a functional polymorphism (rs4803217) located in the 3′ untranslated region of the IFNL3 mRNA that dictates transcript stability. This polymorphism affects AU-rich element-mediated decay and the binding of HCVinduced microRNAs during infection. The unfavorable IFNL3 genotype was repressed by this pathway, potentially providing an alternative functional explanation. 17 Interestingly, IFNL4 genotypes were also recently found to be associated with viral clearance during IFN-free treatment that includes sofosbuvir treatment. 6 Type III IFNs (IFNL1 (previously IL29), IFNL2 (previously IL28A) and IFNL3 (previously IL28B)) are able to induce ISGs similar to type I IFNs (α and β) 18 and were recently shown to be the predominant IFNs induced in vitro in HCV-infected primary human hepatocytes and in the liver of chimpanzees. 7, 19 Another study showed a correlation between hepatic IFNL3 and ISG mRNA levels in CHC patients, but there was no significant correlation between hepatic IFNL3 expression and the IFNL3 SNP rs8099917. 20 The lack of correlation between hepatic IFNL3 levels and the IFNL3 SNPs was attributed by the authors to possible methodological issues, which include low levels of hepatic expression of IFNL3 and the lack of specificity of qPCR primers to distinguish between IFNL2 and IFNL3. One recent study demonstrated high hepatic ISG levels but low IFNL3 level in association with IFNL3 rs12979860 TT genotype (treatment unfavorable). 21 In contrast, several other studies showed an association between low hepatic IFNL3 levels and IFNL3 treatment-favorable genotype, [22] [23] [24] or no relationship between IFNL3 levels and IFNL3 genotypes. 25 Therefore, expression of type III IFNs, particularly IFNL2/3, and ISGs in correlation with IFNL3 polymorphisms and treatment response remains unresolved. In addition, the interaction between other types of IFNs including type I and II IFNs and their relationship with type III IFNs, the newly discovered IFNL4, and treatment response have not been thoroughly explored. In this study, we investigate extensively the associations among hepatic expression of IFNs (type I, II, III) and ISGs, the IFNL3 polymorphisms (IL28B) and response to Peg-IFN/RBV treatment in a large cohort of CHC patients.
RESULTS

Patient characteristics
Sixty-five CHC patients were enrolled and their characteristics are shown in Table 1 . The average alanine aminotransferase, aspartate aminotransferase and viral load were 75.0 ± 47.0 U l − 1 , 72.3 ± 61.3 U l − 1 and 6.2 ± 0.9 log 10 IU ml − 1 , respectively. The distribution of HCV genotype was: genotype 1 (82%), genotype 2 and 3 (15%) and other genotypes (4-6) (3%). The distribution of IFNL3 rs12979860 genotype was CC (45%), CT (39%) and TT (16%) and that of IFNL4 rs368234815 genotype was TT/TT (52%), TT/ΔG (30%) and ΔG/ΔG (18%). As expected, the linkage disequilibrium between the two SNPs is high with 93% concordance (r 2 = 0.83).
Baseline hepatic expression of IFNs and ISGs
We first measured the hepatic expression of type I (IFNA1 and IFNB1), type II (IFNG) and type III IFNs (IFNL2/3 and IFNL1) prior to any IFN-based therapy. There was a robust correlation between IFNA1 and IFNB1, the two type I IFNs (r = 0.57; P = 0.0002). Similarly, there was a robust correlation between the IFNL2/3 and IFNL1 (r = 0.56; Po 0.0001) ( Figure 1 ). There was no significant correlation between type III and type I IFNs ( Figure 1) . IFNG, the type II IFN, did not correlate with other IFNs except for a weak correlation with IFNL1 (r = 0.3; P = 0.04) (data not shown).
To determine which IFN is associated with ISG expression, we determined the hepatic expression of several ISGs using qPCR including ISG15, IFI44, IFIT1, OAS3 and RSAD2.
ISG15 expression was correlated with both type III IFNs (IFNL2/3, r = 0.57, P = 0.0001; and IFNL1, r = 0.53; P = 0.0001) ( Figure 2 ). ISG15 was weakly correlated with IFNG but did not reach statistical significance (r = 0.20; P = 0.09); however, it did not correlate with IFNA1 or IFNB1. Similarly, other ISGs correlated significantly with IFNL2/3, IFNL1 and to a lesser extent with IFNG, but not with the type I IFNs ( Table 2) .
To determine whether this association applies to global ISG expression, we analyzed the hepatic mRNA levels of 86 ISGs, quantified using the nCounter assay, in 23 patients and calculated the correlation coefficients between hepatic expressions of individual ISGs and IFNs. Nearly all of the ISGs (84/86) were positively correlated with IFNL2/3 ( Supplementary Table 1 ), with 73% (63/86) showing a correlation above 0.43 (majority 0.5-0.86). Similar findings were seen for the correlation with IFNL1 (data not shown). In contrast, only 45% (39/86) and 64% (55/86) of ISGs had a positive correlation with IFNA1 or IFNG, respectively, and a correlation coefficient40.3 was only seen in 5% (4/86) of ISGs for IFNA1 and 12% (10/86) for IFNG. Thus, in untreated HCV patients, hepatic ISGs are closely correlated with the expression of type III, but not with type I or II IFNs.
Hepatic expression of IFNs and ISGs and IFNL3 rs12979860 polymorphism
There was no difference between CC and CT/TT patients in terms of the hepatic expression of IFNL1 (P = 0.9), IFNA1 (P = 0.8) and IFNB1 (P = 0.5). In contrast, patients with the rs12979860 CC genotype had hepatic expression levels of IFNL2/3 that were on average 0.5 log 10 lower compared with those with CT/TT (P = 0.02, Figure 3 ). In addition, patients with rs12979860 CC had IFNG levels that were 0.3 log 10 higher than CT/TT patients (P = 0.03, Figure 3 ). The higher IFNG levels in CC patients, perhaps as a marker of infiltrating activated lymphocytes, is consistent with the previously reported higher hepatic inflammation associated with CC patients. 26 Hepatic expression levels of ISG15 (4.9 log 10 vs 5.3 log 10 ) and a few other ISGs were lower in CC patients compared with CT/TT patients but the difference was not significant because of small sample size (for example: IFIT1: 4.0 log 10 
Histological data HAI score 7. Hepatic expression of IFNs, ISGs and treatment response Of the 65 patients in the cohort, 40 HCV genotype 1-infected patients who had been treated with Peg-IFN and ribavirin were included in the response-based analysis. There were no differences in baseline characteristics between responders and nonresponders (Supplementary Table 2 ). These 40 patients were part of a larger cohort of 199 HCV genotype 1-infected patients who were previously treated with Peg-IFN/ribavirin and were selected for this study based on the availability of a pre-treatment liver biopsy. As expected, the distribution of rs12979860 genotype in the larger treated cohort showed a significantly higher percentage of responders with the CC genotype (CC 32.8%, CT 50.8% and TT 16.4% in responders vs CC 10.1%, CT 42.7% and TT 47.2% in nonresponders; P o0.001). In the smaller cohort of 40 patients, the average baseline HCV viral load was 6.60 log 10 IU ml − 1 in nonresponders vs 6.16 log 10 IU ml − 1 in responders. Interestingly, the hepatic mRNA levels of IFNL2/3 were 0.5 log lower in responders compared with nonresponders (P = 0.04) prior to treatment but no differences were detected in the hepatic expression levels of the other IFNs (Figure 4 ). ISG expression was lower in responders compared with nonresponders but the Type III interferons, IFNL4 and ISGs in chronic hepatitis C M Noureddin et al difference did not reach statistical significance, again possibly reflecting the small sample size drawn from the larger cohort. The above analysis showed a similar trend when the patients were divided into nonresponders, relapsers and responders, but did not reach statistical significance probably because of small sample size.
Effect of Peg-IFN injection on hepatic expression of IFNs and ISGs Liver biopsies were obtained from 26 patients with CHC who had a liver biopsy 6 h after the first Peg-IFN injection. 27 Similar to pretreatment data, there was a robust correlation in post-injection biopsies within type I IFNs (IFNA1 vs IFNB1, r = 0.96; P = 0.0001) and type III (IFNL2/3 vs IFNL1, r = 0.85; P = 0.0001, Figure 5 ). However, in contrast to pre-treatment biopsies, there was a modest correlation between the levels of type I and type III IFNs ( Figure 5 ). IFNG mRNA levels did not correlate with the other IFNs in the post-IFN samples (data not shown).
We then compared hepatic expression of IFNs between baseline and post Peg-IFN samples. IFNL2/3 expression was higher by 0.7 log 10 (P = 0.0001) and IFNG levels were higher by 0.5 log 10 (P = 0.0002), whereas IFNB1 levels were lower by 0.5 log 10 (P = 0.00012) in post Peg-IFN samples. The levels of IFNL1 and IFNA1 were not significantly different ( Supplementary Figure 1) . As expected, hepatic ISG expression levels were higher in post Peg-IFN samples ( Supplementary Figure 2) . Finally, although IFNL2/3 expression at baseline specimens was lower in subjects with rs12979860 CC compared with CC/TT, its post-Peg-IFN levels were similar, suggesting a greater magnitude of induction by exogenous IFN in the CC subjects ( Supplementary Figure 3) .
IFNL4 expression and its correlation with other IFNs and ISGs
We assessed the hepatic baseline expression of the IFNL4 gene transcripts, the rs368234815 genotype and their association with other IFNs and ISGs. The IFNL4 transcripts were assayed in 70 liver biopsy samples (65 of the previously described set with 5 additional samples) and were detectable in 33 (47%) of them. IFNL4 transcript levels were strongly correlated with those of type III IFNs, IFNL2/3 (r = 0.80, P o0.001) and IFNL1 (r = 0.64, P = 0.0003), and weakly associated with IFNA1 (r = 0.36, P = 0.054) but not with IFNB or IFNG ( Figure 6 ). Similar to the other type III IFNs, hepatic IFNL4 transcript levels were closely correlated with those of ISG15 (r = 0.73, P o0.001) (Figure 7a ), IFIT1 (r = 0.49, P = 0.009), OAS3 (r = 0.63, P = 0.003), RSAD2 (r = 0.54, P = 0.015) and IFI44 (r = 0.55, P = 0.01). Furthermore, in patients homozygous for the rs368234815 ΔG allele (predicted to express the IFN-λ4 protein), detectable expression of IFNL4 was associated with higher levels of ISG15 (Figures 7b, P = 0.009), whereas this was not the case for patients with TT/TT genotype (expressing a non-translated transcript, P = 0.38). Heterozygotes with TT/ΔG genotype demonstrate an intermediate pattern (P = 0.05). Finally, carriers of the ΔG allele were more likely to be nonresponders to Peg-IFN/RBV treatment (ΔG/ ΔG+ΔG/TT (69%) vs TT/TT (31%) in nonresponders compared with ΔG/ΔG+ΔG/TT (47%) vs TT/TT (53%) in responders) but this did not reach statistical significance likely because of the small sample size of 40 patients.
DISCUSSION
In this paper, we studied in great detail the relationship between hepatic expression of IFN types I, II, III and ISGs and response to treatment in a large cohort of CHC patients. We demonstrated, by using both qPCR and the nCounter platform, that hepatic ISG expression is strongly associated with hepatic type III expression but not type I IFNs at baseline. ISG levels were lower in patients with IFNL3 genotype CC compared with non-CC. Interestingly, hepatic expression levels of IFNL2/3 were lower in IFNL3 genotype CC compared with non-CC, whereas hepatic levels of IFNL1, IFNA1, IFNB1 and IFNG had no correlation with IFNL3 genotypes. In addition, hepatic expression levels of IFNL2/3 and ISGs were lower in responders compared with nonresponders, whereas the hepatic expression of IFNL1, IFNA1, IFNB1 and IFNG did not differ. Similarly, IFNL4 transcripts levels correlated with IFNL1 and IFNL2/3 (type III IFN) mRNA levels but not with type I or type II IFN levels. IFNL4 ΔG showed correlation with high ISG levels and likelihood of nonresponse to Peg-IFN and ribavirin. These data strongly support that hepatic IFNL2/3 expression and IFNL4 transcripts are primarily responsible for the induction of ISGs in response to HCV infection. Honda et al. 20 showed correlation between IFNL3 genotype and mRNA levels with ISGs, although no differences in hepatic expression of IFNL2/3 were demonstrated between the different genotypes. They postulated that such differences were not detected owing to low IFNL2/3 expression levels and the lack of availability of specific primers. Urban et al. 25 also found no association between IFNL3 mRNA levels and treatment response. On the other hand, Dill et al. 21 demonstrated that low hepatic expression levels of IFNL3 but high levels of ISGs were associated with the rs12979860 TT genotype (treatment unfavorable genotype), although this relationship was not found to be significant in analysis of IFNL3 rs8099917 SNP. They noted that the lower hepatic expression levels of IFNL3 in the rs12979860 TT genotype are consistent with the previous findings in peripheral blood mononuclear cells. 11, 28 Such a comparison is difficult to interpret because IFN response in the liver vs peripheral blood mononuclear cells could be quite different and HCV infects the liver only. [29] [30] [31] [32] The authors also found that IFNL3 genotype and hepatic ISG expression are independent predictors of response to treatment. It has been shown previously that type III IFN causes more prolonged ISG production than type I IFN in Huh 7.5 hepatoma cells. 33 In a subsequent study from the same group, the authors were able to measure the levels of IFNL2/3 in only half of the samples and mostly at low expression levels from human livers with CHC and were not able to measure the levels of IFNL4. 34 In that study, they found that the IFNL3 receptor IFNLR1 expression correlated with high ISGs expression levels and nonresponse to Peg-IFN and ribavirin. They concluded that the receptor IFNLR1 is responsible for the association with IFNL2/3 genotype and treatment response. Such a conclusion is apparently affected by the fact that they were not able to detect the IFNL3 and IFNL4 levels accurately. Indeed, the high pretreatment expression level of IFNL2/3 that we found in our study and its association with high ISG expression levels and with nonresponse would have been the best explanation to the elevated IFNLR1 expression. In contrast, several recent studies showed that hepatic IFNL3 mRNA levels were actually lower in patients with the IFNL3 favorable genotype (CC for rs12979860 and TT for rs80999917), and in responders compared with nonresponders. [22] [23] [24] Many of the studies, however, were potentially plagued by technical difficulties with regard to quantification of IFNL2/3 levels and limited gene expression assessment.
To address this controversy, we investigated liver biopsy samples from a large cohort of CHC patients using qPCR and nCounter platform, which can be used to cross-validate the results. We also systematically analyzed the hepatic levels of all types of IFNs and a large number of ISGs, and performed detailed association studies among the levels of these genes, which to our knowledge has not been done in previous studies. Finally, we examined these associations after Peg-IFN injection to further explore the relationship between IFN types I, II, III and ISGs. Previously, we found a robust correlation between hepatic expression of IFNL2/3 and ISGs both in vitro and in vivo. 7 Following infection of chimpanzees with HCV, hepatic type III IFNs were highly induced, which was associated with upregulation of ISGs, whereas only minimal induction of type I IFNs. 19 In this study a large cohort of CHC patients, 7 we found a similarly strong correlation between the hepatic expression of ISGs and the type III IFNs (IFNL2/3 and IFNL1), but not with other types of IFNs. These data collectively support the crucial role of type III IFNs in hepatic response to HCV infection and IFN-α mediated viral clearance.
On the basis of our data, the higher level expression of type III IFN that is associated with the non-favorable IFNL3 genotype is probably responsible for the higher ISG expression in HCVinfected liver. This higher baseline level of ISGs likely contributes to an IFN-refractory state in the liver, thus blunting further antiviral action of exogenous Peg-IFN administration. We previously postulated that this IFN-refractory state may be partially caused by ongoing endogenous IFN action and induction of IFN inhibitory pathways. 35 Both IFNL2/3 and IFNL1 cause a prolonged induction of ISG expression compared with type I IFNs in cell culture model. 7 Therefore, it is plausible that the continued presence of type III IFNs in the liver as an endogenous response to HCV infection predisposes the liver to an IFN-refractory state. The higher the endogenous levels of IFNL2/3 are, the more IFN-refractory the liver behaves. Recent studies also supported that USP18, a highly induced ISG, negatively affects the signaling pathway of type I IFN receptor complex. 36 High hepatic USP18 level is also strongly predictive of treatment nonresponse. 9 It is interesting to note that type III IFNs behave like ISGs and can be induced by exogenous Peg-IFN in vivo. We have previously shown that IFNL2/3 and IFNL1 can indeed be induced by IFN-α treatment in primary human hepatocytes. 7 It is not clear whether this induction has any biological relevance in the antiviral action of Peg-IFN administration.
The role of IFNL4 remains largely undefined in HCV infection. It has been shown that IFNL4 transcript can be induced by poly-IC treatment in primary human hepatocytes and it can activate IFN signaling resulting in ISG induction. 15 However, the level of IFNL4 expression, even when induced, is very low. Using a highly sensitive qPCR method, we could detect IFNL4 RNA transcripts only in about half of the liver samples. Interestingly, when we analyzed the correlation of hepatic IFNL4 and ISG levels according to the rs368234815 genotypes (TT/TT, TT/ΔG, ΔG/ΔG), we observed that only in the ΔG/ΔG genotype (where the presumably functional IFNL4 transcript is expressed), ISG expression was higher in samples with detectable IFNL4 mRNA, suggesting that IFNL4 may also contribute to ISG induction in HCV-infected liver. Our data confirm the previous findings by Amanzada et al. 37 where the hepatic level of IFNL4 was detected in half of a smaller cohort of HCV patients (45 patients) and correlated with ISGs levels. In contrast to Amanzada et al., we found that the hepatic IFNL4 levels correlated well with the levels of other type III IFNs, suggesting a coordinated expression of all IFNLs. It is not unexpected that this is the case, because they are all located in the same locus on chromosome 19. 15 We have also found that the IFNL4 ΔG allele correlated with nonresponse to Peg-IFN and ribavirin confirming the results of recent studies. 15, 16 Indeed, IFNL3 genotype has been shown to play a role in predicting response to IFN-free therapy, suggesting IFNL may still be relevant in DAAmediated treatment response. 38 Our study provides a functional link of IFNL3 genetic polymorphisms to hepatic expressions of type III IFNs and ISGs, and IFN-induced treatment response. Although IFN may play a diminishing role in future therapy of hepatitis C, the role of type III IFNs and IFNL4 in HCV infection is still an intriguing and largely unsolved biological question. New data from DAA therapies still suggest a role of endogenous IFN in treatment response. This is particularly important as investigating the relationship between IFNs (IFNL2/3 and IFNL4), ISGs and treatment response to DAA may lead to shortening the duration of treatment and cost-saving. Further exploration of the role of IFNL2/3, IFNL4 genotyping and expression levels in treatment response may shorten treatment and be used to individualize therapeutic options and optimize treatment management in IFN-free regimen. Understanding the mechanisms of these interactions among IFNs, HCV infection and viral clearance will provide further insight into the pathogenesis and improved management of hepatitis C.
MATERIAL AND METHODS
Patients
Sixty-five patients were selected from a large cohort of CHC patients followed at the Liver Clinic at the National Institutes of Health Clinical Center (NIH) (n = 712) and included in this retrospective analysis based on the availability of adequate stored liver biopsy specimen for analysis. We excluded patients with other causes of liver diseases (including HBV or HIV co-infection), excessive alcohol consumption, decompensated liver disease, active substance abuse or severe systemic disease. All patients gave written informed consent for participation in clinical research and genetic testing. The study was approved by the NIDDK/NIH Institutional Review Board.
Treatment response analysis
This analysis was limited to HCV genotype 1 patients, treated with IFN-and ribavirin-based therapies at the National Institutes of Health Clinical Center who had adequate stored liver biopsy specimen. Patients were defined as nonresponders if they were treated with Peg-IFN and ribavirin with adequate doses for a minimum of 12 weeks but did not achieve a 2-log reduction in viral load by week 12 of treatment or had detectable virus by the end of treatment. 2 Patients were defined as responders if they were treated with standard IFN or Peg-IFN in combination with ribavirin and achieved an end-of-treatment response, including those who achieved a sustained virologic response and those who relapsed after stopping treatment. We combined responders and relapsers for the sake of this analysis, as they represent ontreatment response and probably more accurately reflect the biology of host response to HCV infection. Patients who stopped treatment because of side effects or did not receive an adequate duration of treatment per protocol were excluded from this analysis. There were 40 patients available for this analysis.
Response to Peg-IFN injection
To further explore the functional associations between IFNs, ISGs and treatment response, we studied their associations in an additional set of CHC patients, who underwent a liver biopsy 6 h after their first Peg-IFN injection (180 mcg subcutaneous). They were a subset of patients with available stored liver tissue from a clinical trial (clinicatrials.gov registration NCT00718172) where patients were randomized to undergo a liver biopsy prior to or after Peg-IFN injection (6 h after injection). 27 Sample processing and qPCR Immediately following a percutaneous liver biopsy, a 2-5-mm sample was flash-frozen in liquid nitrogen or placed in RNALater (Qiagen, Valencia, CA, USA) and stored in − 80°C for later analysis. Total RNA was extracted from the frozen samples using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol, and treated with DNAse. cDNA synthesis was performed using 0.3-0.5 μg of total RNA (Transcriptor First Strand cDNA Synthesis Kit, Roche, Basel, Switzerland). Quantitative real-time PCR analysis was performed using an ABI 7500 instrument (Applied Biosystems, Foster City, CA, USA) and TaqMan gene expression assay (Applied Biosystems). IFNL2/3 mRNA levels were measured as previously described, 7 with primers that do not differentiate IFNL2 from IFNL3. IFNL4 mRNA expression was measured using custom-made primers and probe (Applied Biosystems) as detailed in the Supplementary Methods. Expression of other target genes was quantified using primers and probes that were previously described. 7 The mRNA levels, determined using a FAM-Labeled TaqMan Probe, are normalized to the 18S ribosomal RNA levels in each PCR reaction using the eukaryotic 18S rRNA endogenous control from ABI (VIC/MGB Probe, Primer Limited, Cat# 4319413E) and expressed in relative units.
Global ISG expression
In a subgroup of 23 patients, global hepatic expression of ISGs was quantified using the nCounter Gene Expression assay (NanoString Technologies, Seattle, WA, USA), 39 using a custom code-set of 136 ISGs, designed as previously described. 27 Total RNA (100 ng) from the liver biopsy samples were utilized and the results were normalized by the expression of four housekeeping genes. To avoid spurious associations, we limited the analysis to 86 genes that had average expression levels at least 1 log greater than the limit of detection.
Genetic analysis
Genomic DNA was extracted from whole blood using the Qiagen Flexigene DNA Kit (Qiagen). The rs12979860 SNP was genotyped by allelic discrimination using a TaqMan Custom SNP Genotyping Assay (Applied Biosystems) on an ABI 7500 Real-Time PCR System (Applied Biosystems). rs368234815 was genotyped by Sanger sequencing using BigDye Terminator v3.1 (Applied Biosystems) according to the manufacturer's protocol, or by allelic discrimination using a TaqMan Custom SNP Genotyping Assay (Applied Biosystems) as previously described. 15 Statistical analysis Variables are reported as mean ± s.d. The chi-square (Χ 2 ) test was used for comparisons between categorical variables, and t-test or Mann-Whitney (as appropriate) were used to compare continuous variables. Correlations were examined using Spearman's Rho (Rho was abbreviated as r in the figures) on log-transformed data. Logistic regression and goodness-of-fit were calculated by the least-squares method. GraphPad Prism version 5.0b (GraphPad Software Inc., La Jolla, CA, USA) and SPSS Statistics version 19 (IBM, Somers, NY, USA) were used. A two-tailed P o0.05 was considered to indicate statistical significance.
